Complexation and conformational studies of coenzyme NAD + with aluminum were conducted in acidic aqueous solutions (pH 2 -5) by means of potentiometry as well as multinuclear (
Introduction
Aluminum (Al) has been shown to inhibit metabolic enzymes in the brain, thus producing metabolic errors. It has also been suggested that the accumulation of such errors contributes to neurological disorders such as Alzheimer's disease. 1 It was recently demonstrated that, among the enzymes that participate in and link to the mitochondria Krebs cycle, α-ketoglutarate dehydrogenase and succinate dehydrogenase are activated by Al. At the same time, aconitase and glutamate dehydrogenase (GDH) exhibit a decreased activity in the presence of this metal ion. 2 Especially in the transamination process, inhibition by Al may influence other fundamental process, which can influence the amino acid synthesis and contribute to Al toxicity in higher plants. 3 Accordingly, it is reasonable to assume that Al could interfere with the bioenergetics of mitochondria, which is evidence indicating that neuronal mitochondria are affected by degenerative disorders related to aging. This biological "aging" is a transformation from an energy-rich state to an energy-poor state. NAD + /NADH plays a primary role in the creation of new energy in a rich state. 4, 5 Therefore, it will be very interesting to investigate Al complexes with coenzyme NAD + in order to further understand the role of Al and its mechanism in the enzyme reaction system. Nicotinamide adenine dinucleotide (NAD + ) and its reduced form (NADH) act as coenzymes in proteins that are ubiquitously involved in biological redox process. They are composed of two 5′-nucleotide bases, AMP and nicotinamide ribose 5′-phosphate, which are linked together by a pyrophosphate bridge. 6 The structure of NAD + with its atom number scheme is shown in Fig. 1 .
Since most redox enzymes (including dehydrogenase GDH) are either activated by using nucleotides (NAD + /NADH) as a cofactor, the effect of Al in these enzymatic processes generally lies in interactions with these nucleotides through their phosphate functions. 7 It is well known that Al has a great affinity to phosphate oxygen. The interactions of Al with inorganic phosphate, 8 organophosphates (AMP, ADP, ATP), 9, 16 phosphorylated amino acids 10 and gluose-6-phosphate 11 have been well investigated. In the past, the crystalline state of an extended conformation of NAD + was found with Li(I) coordinated to pyrophosphate oxygen and adenine N7′. 13, 14 Also, for purine nucleotides, in general, metal-heterocyclic nitrogen binding at N7′ is preferred over N1 or N3 with metal ions such as Ca 2+ , Co 2+ , Ni 2+ , Pt 2+ , Cu 2+ , Zn 2+ , La 3+ and Eu 3+ . 6, [12] [13] [14] 20 However, no study concerning the interaction between Al 3+ and NAD + has been found in the available literature. In the present work, we utilized potentiometry, multinuclear ( 1 H, 13 C, 27 Al, 31 P) and two-dimensional ( ) and 2:1 (AlL2 -) species, and dinuclear 2:2 (Al2L2 2+ ) species. ( 2) The conformations of NAD + and Al-NAD + depended on the solvents and different species in the complexes. The results suggest the occurrence of an Al-linked complexation, which causes structural changes at the primary recognition sites and secondary conformational alterations for coenzymes. This finding will help us to understand role of Al in biological enzyme reaction systems. 
Experimental

Chemicals and reagents
β-Nicotinamide adenine dinucleotide free acid β-NAD + (>98%) was purchased from Sigma Chemical Co. (St. Louis, MO). All NAD + solutions were prepared fresh daily with double-distilled water. Al 3+ solutions were prepared by dissolving high-purity metallic Al powder (99.99%) in hydrochloric acid. More dilute solutions were prepared by diluting these solutions with double-distilled water. D2O and DMSO were used as received form Beijing Chemical Company. Most chemicals were of analytical reagent grade. Multinuclear ( 1 H, 13 C, 27 Al, 31 P) and two-dimensional ( 1 H, 1 H-NOESY) NMR measurements were prepared by dissolving appropriate amounts of NAD + and AlCl36H2O in D2O and DMSO. The necessary polyethylene vessels were used. All of the glassware were soaked in 10% HNO3 for at least 24 h and then washed carefully with double-distilled water. The pH values in D2O solutions were corrected for the deuterium isotope effect by adding 0.45 to the meter reading. 15 
pH-metric measurements
The stability constants of the proton and Al complexes of the ligand (NAD + ) were determined by pH-metric titrations of 50.0 cm 3 samples. The concentration of the ligand was 0.001 M, and the metal ion-to-ligand ratios were 0:1, 1:1, 1:2, 1:5 for the binary system, respectively. Titrations were performed over the pH range 3.3 -10.8 for NAD + and 2.5 -5.0 for Al-NAD + (beyond pH ∼5.0 precipitation occurred) with a KOH solution of known concentration (ca. 0.1 M) under a pure nitrogen atmosphere. A temperature of 25.0 ± 0.1˚C was maintained by circulating thermostated water through the jacket. Duplicate titrations were carried out, and the reproducibility of the titration curves was within 0.01-pH unit throughout the whole pH range. Because of the rather sluggish ligand-exchange kinetics of Al and the precipitation reactions, when equilibration could not be reached in 10 min, the corresponding titration points were omitted from the calculations. 12 Complexes were added to the model one at a time until the value of the lowest σfit was achieved (usually less than 0.02). The pH was measured with a TTT85 Titrator Radiometer (Denmark) using a pair of electrodes (glass electrode and calomel electrode), which were first calibrated for hydrogen-ion concentration according Irving et al. 22 The stability constants of the main metal species were calculated with the aid of the computer program SPE & BEST. 23 The pKw value used was 13.76. The formation of hydroxo complexes of Al(III) was taken into account in the calculations, which are shown in Table 1 .
NMR measurements
The 31 P and 27 Al NMR spectra were operated at 201.5 MHz and 130.3 MHz on a Bruker DRX500 spectrometer (Swiss), respectively. Chemical shifts were referenced to an external coaxial insert containing 0.1 M H3PO4 (0 ppm) and 0.1 M Al(H2O)6 3+ (0 ppm) included with every sample for 31 P, 27 Al NMR experiments. 1 H and 13 C NMR measurements were performed on a Bruker AVANCE300 spectrometer at 300.1 MHz, 75.5 MHz, respectively, and 10000 scans were accumulated per 13 C-NMR spectrum. The chemical shifts were referenced to D2O (4.70 ppm) and DMSO (2.50 ppm) or TMS (0 ppm) for 1 H and 13 C-NMR experiments. All of the NMR measurements were carried out at ambient temperature (23˚C). Two-dimensional ( 1 H, 1 H-NOESY) NMR experiments were carried out a Bruker AVANCE 300 apparatus at 300.1 MHz. By means of the standard Bruker microprograms and quadrature detection in both dimensions, the sequence 90˚-t1-90˚-τm-90˚-acquisition (t2) was performed with a mixing time (τm) of 500 ms for D2O and 800 ms for DMSO, respectively.
Results and Discussion
Binding sites
To confirm the complex formation process in the Al-NAD + systems, extensive 1 H, 13 C, 31 P, 27 Al NMR measurements were carried out in an acidic solution at the same concentration and at different pH values (0.02 M NAD + , Al/NAD + = 1:2, pH = 2 -4). The effect of Al on the 1 H NMR spectrum of NAD + is rather unusual. At pH = 3.0, by comparing of the spectra of ligand NAD + and complex Al-NAD + at the same concentration as (Fig. 2B) . Thus, the strong perturbations of the protons of NAD + by Al could involve the binding of Al to a base only in conjunction with the binding of Al to phosphate. Therefore, the N7′ of adenine and pyrophosphate oxygen O 2 N is the preferential binding site of Al with NAD + . This phenomenon was also observed in the following 1 H, 1 H-NOESY NMR spectra (Figs. 7A and B) . The 13 C-NMR spectra of NAD + and Al-NAD + in the same concentration of acidic solutions (0.02 M NAD + , Al/NAD + = 1:2, pH = 3) did not show any obvious changes for the signals of nicotiamide and ribose rings after complexation, suggesting that Al did not promote, in this pH case, deprotonation of the sugar ring hydroxylic functions. 11 It can be seen in Figs. 3A and B that some shifted and broadened signals appeared in the complex spectrum. The changes in the C-N4′, C-N5′ and C-A4′, C-A5′ resonances are due to the closest phosphate oxygen atoms, ON 1 or ON 2 and OA 1 or OA 2 complex with Al. The slight broadening of other carbon signals may be explained as being the result of an envelope of many overlapping peaks belonging to the different complexes and ligand. In these complexes, some OH groups of the sugar unit could form hydrogen bonds with water molecules or ion OH -in the coordination sphere of the acidic regions, including slight shifts of the corresponding carbons. The following 1 H, 1 H-NOESY NMR spectra in D2O (Figs. 7A and B) can also support this explanation.
31 P NMR chemical shift changes have been observed in response to an alteration in the geometry and the variability of 31 P. For the free ligand of NAD + , two principal peaks were observed in the 31 P NMR spectrum (Fig. 4D) ; one was the phosphate group of the first deprotonation (δB = -11.3 ppm); the other one was δA = -10.7 ppm. The effect of Al on the 31 P NMR spectrum of phosphate ligands depends primarily on the number of phosphates.
Because the binding of Al to diphosphates is always accompanied by the broadening and upfield shift effects, we consider such shifts as being an indication of direct binding of the Al ion to phosphate. 17 When Al was added to the free-ligand NAD + solution in the pH range 2 -4, there appeared three new sets of peaks in the 31 P-NMR spectra (Figs. 4A -C): (1) Three signals at -10.3 ppm, -10.6 ppm and -11.0 ppm at the downfield region, which can be assigned to the free ligand NAD + , owing to the slow-exchange feature of Al complexation. 7 (2) Two sharp peaks at -14.9 ppm and -15.1 ppm can probably be attributed to the monodentate binding Al-NAD + complex species. The difference between the chemical shifts of these species indicates that NAD + contain charged nitrogen in the pyridine ring, and that there is an electrostatic interaction between this nitrogen 17 The X-ray crystal structures of metal ion complexes with adenine phosphate have shown three kinds of binding sites for metal coordination: 6 (1) phosphate oxygen; (2) ribose sugar alcohol oxygen; and (3) adenine ring nitrogen. With the coordination abilities of NAD + to metal ions, all of the exposed nitrogen atoms of the adenine ring, except for the amino group, have been shown to be capable of σ-donor binding to metal ions, e.g. N7′, N1 and N3 of adenine. In addition, sugar hydroxyl oxygen atoms and phosphate oxygen can coordinate to metals. 13, 14 Nitrogen atoms of the nicotinamide ring are, however, poor donor atoms to metals, since the tertiary ring N 817 ANALYTICAL SCIENCES JUNE 2003, VOL. 19 behaves as a very weak base and the carboxamide group N is also a weak metal binder. In the crystalline state, an extended conformation of NAD + was found with Li(I) coordinated to pyrophosphate oxygen and adenine N7′. 13, 14 Also, for purine nucleotides, in general, metal-heterocyclic nitrogen binding at N7′ is preferred over N1 or N3 with metal ions, such as Cd 2+ , Co 2+ , Ni 2+ , Pt 2+ , Cu 2+ and Zn 2+ . 6 Since Al 3+ is a typical hard metal ion, the most likely binding sites of Al 3+ in biosystems are oxygen donors, and especially negatively charged oxygen donors, such as carboxylate, phenolate, catecholate and phosphate, which are the strongest Al binders. 9 Therefore, one NAD + molecular donates two-unesterified pyrophosphate oxygen atoms, OA 1 and ON
1
, and a phosphate-free oxygen atom, ON 2 , and the other adenine N7′ to coordinate with Al 3+ . Accordingly, from the above NMR experiments and discussions, it is proposed that the most likely binding sites for Al-NAD + complexes are pyrophosphate oxygen atoms (OA 1 , ON 1 and ON 2 ) and N7′ of adenine.
Binding species
Aluminum-27 NMR techniques have been proved to be very beneficial in speciation and structural descriptions of Al complex systems. It is useful to clarify complex formation in the acidic pH range, and to also indicate the complexity of the binding modes due to the isometric equilibria. The 27 Al-NMR spectra of NAD + and Al-NAD + (0.02 M NAD + , Al/NAD + = 1:2) as a function of the pH are shown in Fig. 5 . At pH 3.0 of an NAD + solution, there was one resonance for the insert aqua complex Al(H2O)6 3+ at around 0 ppm in the NAD + spectrum (Fig. 5D) . However, two peaks were detected at pH 2: one for the aqua complex Al(H2O)6 3+ at around 0 ppm, and the other one for the 1:1 species AlLH2 3+ at around -3.36 ppm (Fig. 5A) . At pH 3, the spectrum was almost the same as that of pH 2; one peak appeared at around -3.35 ppm (Fig. 5B) . It should be the 1:1 AlLH2 3+ and AlLH 2+ species according to the following pHmetric study. However, with an increase of the pH to 4, three peaks appeared in the spectrum, except for Al(H2O)6 3+ around 0 ppm (Fig. 5C) : one peak at -3.35 ppm is the 1:1 species AlLH 2+ ; a small one at -7.60 ppm may correspond to the 1:2 species AlL2 -, and the other high one at -0.82 ppm is the 2:2 species Al2L2
2+
. These results are also in agreement with those of similar complexes, 8, 11, 12, 17 and the situation generally observed for the octahedral complexes of Al, the chemical shifts of which mainly depend on the number of ligands around the cation. 19 Furthermore, the following potentiometry of the Al-NAD + system also substantiates these assignments. An examination of the above spectra of an Al-NAD + solution observed at pH 2 -4 clearly showed that four different complexes with different structures, and consequently different spectra, existed in acidic solutions.
In order to assess the binding ability of Al with NAD + and to supply the more reliable data for elucidating the above NMR spectra, pH-metric studies were performed in an acidic aqueous solution. NAD + , in its fully protonated form, is designated as H4L
. The central diphosphate moiety is very acidic (pKa < 1). 12 The pKa values of 3.46 and 10.95 correspond to the N (A1) site of the adenine ring and to the amide group of the nicotinamide function, respectively (Table 1) . These values are in agreement with those reported in the literature 12 for the same molecule. The small difference in this work and the literature may be due to the corresponding thermodynamic data obtained at different ionic strengths. Five titrations were repeated for each sample solution of NAD + in the pH range of 3.3 -10.8. Potentiometric titration data obtained for the Al-NAD + system in the pH range 2.5 -5.0 were used in speciation calculations. Beyond pH ∼5 precipitation occurred, probably due to the low solubility of the metal complexes or metastable Al-hydroxo species in the solution. The best fit of the experimental data was obtained by considering the formation of the following species: AlH2 3+ , AlLH 2+ , AlL -, and Al2L2 2+ . These were verified by the above-mentiond 27 Al-NMR spectra study. When other mononuclear and dinuclear species were assumed in the same calculation, the fit between the experimental and calculated titration points was poor. Therefore, the computer program rejected it.
The results of potentiometric data of the complexation equilibriums between NAD + and Al are given in Table 1 . Also, 3+ is the predominant species in an acidic aqueous solution. This species has an adenine ring and an amide function in the protonated form, and a diphosphate group coordinated to the metal ion in the acidic pH region. The other 1:1 complex, AlLH 2+ , in which the N (A1) site of the adenine ring is deprotonated, became the major species at around pH 3.5. These two 1:1 species equilibrium constants (10 1.19 for AlLH2 3+ and 10 1.36 for AlLH 2+ ) are much lower than those of Al-ATP (10 7.92 ), Al-ADP (10 7.82 ) and Al-AMP (10 6.17 ). terminal organic diphosphates (pKa = 5 -6). 11, 12, 16 Moreover, three species existed in the pH 4.0 aqueous solution, which are attributed to the AlLH 2+ , AlL2 -and Al2L2 2+ complexes. These results were proved by the above-mentioned multinuclear NMR spectra, especially in 27 Al-NMR spectroscopy.
Binding effects NOE data are the most significant spectral data for deducing the overall three-dimensional shape of the biomolecule. 25 The conformational constraints imposed by the metal complexation place the NAD + in a restricted conformation, which is particularly suitable for 2D-NOE studies. In order to investigate the effect of Al on the binding of the oxide nicotinamide adenine dinucleotides (NAD + ) in aqueous solution, additional two-dimensional 1 H, 1 H-NOESY experiments of NAD + and Al-NAD + in D2O and DMSO were carried out to elucidate the NAD + conformation changes induced by the addition of Al. Figure 7 shows the 300 MHz phase-sensitive NOESY spectra of NAD + (0.02 M, pH 3.0) and Al-NAD + (0.01 M:0.02 M, pH 3.0) in D2O solutions with a mixing time of 500 ms. These spectra are readily detected, and some intraresidue and interresidue NOE cross-peaks are also shown, and are apparently changed with the different Al-NAD + binding species. This work of the 1 H, 1 H-NOESY NMR spectra of the ligand NAD + and complexes Al-NAD + in D2O and DMSO, not only substantiated the previous binding sites finding, but also lead to a better insight into the influence of the complexation on the anti-form and the syn-form of the folded conformations of the ligand and Al complexes, which is a requisite for expressing of the coenzyme's biological activity.
As shown in Fig. 7(A) , a large number of cross-peaks can be distinguished in the spectrum, and illustrate that the adenine proton H-A8 exhibits an NOE with H-A1′ and sugar protons of the same nucleotide; meanwhile, there are NOE's between the adenine base H-A2 with H-N4, H-N6 protons of niconamide in the same nucleotide. Therefore, those intraresidue NOE effects demonstrate that the anti-folded form of NAD + conformation existed in a D2O solution. 13, 19 In this case, it is also proposed that the two groups of adenine N7′ and pyrophosphate oxygen ON 2 are closed, and readily coordinate with Al. Thus, the adenine H-A8 of NAD + is juxtaposed to the pyrophosphate backbone in the anti form, whereas adenine H-A2 is juxtaposed in the syn form. 19 Accordingly, if Al binds to the pyrophosphate backbone of the pyridine coenzyme, one would expect the metal ion to broaden of shift H-A8 or H-A2, depending upon whether the conformation is anti or syn. When Al is added to NAD + , an observation of behaviors of the Al-NAD + 2D spectra in D2O solution suggests that the complexation of NAD + with Al is of quite a different nature compared to that of the free-ligand in the solvent. As shown in Fig. 7(B) , the addition of AlCl36H2O to the free ligand NAD + in a D2O solution gradually establishes a process of slow exchange between the protons of ribose OH and nicotinamide H-N2, H-N3 and adenine H-A8 with the residual solvent water. Those signals cause "noise" NOE effects in the spectrum. A comparison of the free-ligand NAD + , the upfield shift of H-A8 of the Al-NAD + complexes indicated the binding of N7′ of adenine in an anti-folded form conformation, which agrees with the previous 1 H-NMR finding. However, the NOE's between H-N1′ and H-N2 with H-N6 of the nicotinamide moiety give rise to weak cross-peaks, whereas some new crosspeaks exist between these protons, and a strong NOE's effect appeared between H-A1′ and H-A8 of the adenine moiety. It can be inferred that Al induces the formation of some folded-form Al complexes in the system. Meanwhile, the addition of Al ions to the NAD + solution could weaken the NOE's effects between H-N2 and H-N6 with the ribose H-N1′, H-N3′, H-A1′ and H-A3′, which imply that some open-form conformations of the complexes are produced by the binding process in an Al-NAD + D2O solution.
In a DMSO solution, the intraresidue NOE effects between the H-A8 and H-A2 protons with the ribose alcoholic-OH protons of a nucleotide and H-A1′, H-N1′ are also shown in Fig.  8(A) . It is clearly indicated that the anti-folded form and syn- folded form of NAD + simultaneously exist in a DMSO solution. Meanwhile, Fig. 8(B) shows, with the addition of AlCl36H2O into an NAD + DMSO solution, it would diminish the resonance of the ribose OH owing to an exchange with residual water of Al salt. In a comparison of the ligand NAD + spectrum (Fig.  8(A) ), the NOE's in the Al-NAD + is obviously decreased due to an increasing amount of open-form conformations of the complexes in a DMSO solution (Fig. 8(B) ). In this case, Al might have a higher binding ability to NAD + in a DMSO solution than that of in a D2O solution, because of the weaker hydrolytic effect of Al in a DMSO solution and a more aggressive interaction ability. Additionally, the unshifted peaks of the nicotinamide -CONH2 group (ca. δ = 7.5 ppm) and the adenine -NH3 + (ca. δ = 8.0 ppm) after Al complexation clearly indicate that these groups are not binding sites for the Al ion.
Conclusions
In summary, although the effects of Al on environmental and biological systems have been extensively described, [26] [27] [28] [29] [30] direct information concerning the molecular basis of its effects on enzyme systems and cell culture is rather scant. The results given in this paper suggest the occurrence of Al-linked structural changes in these flexible molecules, which bring about marked changes at the primary ( 
